Rel/NF-kB transcription factors are involved in several physiological processes, including the regulation of apoptosis. These factors were shown to exhibit pro-or anti-apoptotic activities in dierent cellular models, but at present, the mechanisms underlying these opposite eects are poorly understood. In this study, we show that the constitutive expression of a transcriptionally active member of the Rel/NF-kB family, c-Rel, ®rst induces a resistance against TNFa-induced apoptosis and later increases the level of spontaneous apoptosis of HeLa cells. Both the anti-and pro-apoptotic eects increase with the level of c-Rel overexpression. The up-regulation by c-Rel of the manganese superoxide dismutase (MnSOD) could explain both the rapid anti-apoptotic eect and the delayed pro-apoptotic one. Indeed, the enzymatic activity of MnSOD is to transform the toxic O 2 .7 in H 2 O 2 . Hence, on one hand, its induction helps cells to resist against the apoptogenic burst of O 2 .7 produced upon TNFa stimulation, but on the other hand, it leads to a progressive H 2 O 2 accumulation that ultimately results in apoptosis. These results indicate that the anti-and pro-apoptotic eects of Rel/NF-kB factors are not necessarily alternative but can occur successively in the same cell, via the up-regulation of the same target gene.
Introduction
The Rel/NF-kB family of transcription factors comprises ®ve members in vertebrates (c-Rel, RelA, RelB, NF-kB1 and NF-kB2). They share a common Nterminal domain involved in DNA binding, homotypic dimerization and interaction with inhibitory proteins of the IkB family, and a divergent C-terminal domain containing either transactivation domains (for c-Rel, RelA and RelB), or ankyrin repeats (for NF-kB1 and NF-kB2). Rel/NF-kB dimers are assumed to be ubiquitously expressed but in a transcriptionally inactive complex, localized in the cytoplasm, bound to an IkB protein. A variety of stimuli, including the pro-in¯ammatory cytokines TNFa and IL-1b, can lead to the activation of Rel/NF-kB factors, via the activation of IkB kinases (IKK). The best characterized of these IKKs are contained in a high molecular complex, the IKK signalsome, composed of two IKKs, IKKa and IKKb, and a regulatory component, the NF-kB essential modulator (NEMO). The activated IKKs were shown to phosphorylate IkBa, the prototypic member of the IkB family, which is consequently ubiquitinated and degraded, thus allowing the Rel/NFkB dimer to enter in the nucleus and exert its transcriptional control (Israel, 2000; Karin, 1999; Mercurio and Manning, 1999) . However, in addition to this pool of rapidly inducible Rel/NF-kB factors, some cell types, as for example mature B cells (Gugasyan et al., 2000) , some keratinocytes (Kaufman and Fuchs, 2000) , and some cells of the nervous system (Kaltschmidt et al., 1994; Schmidt-Ullrich et al., 1996) display a constitutive Rel/NF-kB activity.
Rel/NF-kB transcription factors have been involved in several physiological processes, including the regulation of proliferation and apoptosis (Baldwin, 2001; Barkett and Gilmore, 1999) . There is large evidence for an anti-apoptotic eect of Rel/NF-kB factors. For example, a constitutive Rel/NF-kB activity, achieved by using Rel/NF-kB activators or by directly overexpressing c-Rel or RelA, was shown to protect transformed cells against apoptosis induced by TNFa, FasL or TRAIL (Bernard et al., 2001a,b; KothnyWilkes et al., 1999; Liu et al., 1996; Zong et al., 1998) . Conversely, constitutively inhibiting the Rel/NF-kB activity by overexpressing IkBa sensitizes transformed cells to apoptosis induced by ionizing radiation or chemotherapeutic drugs (Cusack et al., 2000; Wang et al., 1996 . In vivo, the inactivation of the genes encoding RelA, IKKb or NEMO leads to embryonic lethality by massive liver apoptosis, due to enhanced TNFa sensitivity (Beg et al., 1995; Doi et al., 1999; Li et al., 1999b; Rudolph et al., 2000) .
However, besides this anti-apoptotic function of Rel/ NF-kB transcription factors, some reports have shown their involvement in the induction of apoptosis. For example, c-Rel overexpression in the avian embryo correlates with apoptosis occurrence in numerous cell types including bone marrow cells, thymocytes, and mesenchymal cells of the interdigital areas (Abbadie et al., 1993; Huguet et al., 1997) . In accordance, CD4+/ CD8+ thymocytes from transgenic mice overexpressing IkBa become resistant to CD3-mediated apoptosis (Hettmann et al., 1999) . IKKa7/7 mice display multiple developmental defect, among which a reduced number of apoptotic cells in the interdigital mesenchyme (Hu et al., 1999) . In contrast, c-Rel7/7 mice develop normally but display a default of activation of mature B and T lymphocytes, due in part to elevated apoptosis (Grumont et al., 1998; KoÈ ntgen et al., 1995) . Activation of Rel/NF-kB factors by cytokine withdrawal (Sohur et al., 2000) , by paclitaxel (Huang et al., 2000) , by focal ischemia (Schneider et al., 1999) , or by p53 (Ryan et al., 2000) can promote apoptosis.
The control of cellular homeostasis by Rel/NF-kB factors also rely on their ability to control proliferation. Most of the experimental data support an antiproliferative eect of Rel/NF-kB factors. For example, overexpressing c-Rel in HeLa cells leads to cell cycle arrest (Bash et al., 1997; Bernard et al., 2001a) . IKKa7/7 embryos display an epidermal thickening due to a higher rate of proliferation (Hu et al., 1999; Takeda et al., 1999) . Similarly, transgenic mice overexpressing RelA or IkBa speci®cally in the epidermis, exhibit epidermal hypoplasia or hyperplasia respectively (Seitz et al., 1998) . However, there are some data illustrating a possible pro-proliferative eect of Rel/ NF-kB factors. For example, in addition to their higher rate of apoptosis, the T and B cells derived from c-Rel7/7 mice are impaired in their proliferative response to diverse mitogenic stimuli (Grumont et al., 1998; KoÈ ntgen et al., 1995) . Recently, it was shown that NF-kB positively regulates mammary epithelial cells proliferation (Brantley et al., 2001) .
The behaviour of c-Rel7/7 B and T cells is specially interesting because it illustrates the fact that Rel/NF-kB factors can simultaneously control the processes of proliferation and apoptosis in the same cells. Another example of such an ability comes from NEMO+/7 embryos which develop some skin defects, due both to hyperproliferation and increased apoptosis of keratinocytes (Schmidt-Supprian et al., 2000) . We have recently shown that directly overexpressing c-Rel in Hela cells by transient transfection inhibits proliferation, protects against TNFa-induced apoptosis and increases the rate of spontaneous apoptosis. Both the eects of proliferation inhibition and protection against TNFa-induced apoptosis were massive and occurred in the same cells. In contrast, the proapoptotic eect observed in this study concerned only a limited fraction of the cell population (Bernard et al., 2001a) .
The present study aimed to better analyse the proapoptotic eect of c-Rel and to understand how a single transcription factor can induce two antagonistic apoptotic eects in a same cell type. We particularly addressed the question of whether the opposite eects of c-Rel on apoptosis are dependent on the duration and/or the amplitude of its expression. For this purpose, we used an adenoviral expression vector which enables a sustained expression of the transgene during several days, and whose titer determines the expression level of the transgene. We also searched for c-Rel target genes that could participate in the proand/or anti-apoptotic eects.
Results

Overexpression of c-Rel in HeLa cells via an adenoviral vector
An adenoviral vector (AdRel), in which we inserted the c-rel cDNA downstream of a CMV promoter, was used to overexpress c-Rel in HeLa cells. In all experiments, we used as controls non infected cells (n.i.), as well as cells infected by an adenoviral vector encoding GFP (AdGFP), also under the control of a CMV promoter. The overexpression of c-Rel was analysed 24 h after infection by immuno¯uorescence. Whereas c-Rel was undetectable in n.i. or in AdGFPinfected cells, it was overexpressed in almost all cells infected by AdRel, mainly in the nucleus, suggesting it was transcriptionally active (Figure 1a) . The overexpression of c-Rel was also checked by Western blot. Large amounts of a protein migrating at the expected M r 70 000 were highly detected in AdRel-infected cells (Figure 1b ). These cells also overexpressed IkBa (Figure 1b) , an inhibitor of c-Rel, but also one of its main target gene (Sun et al., 1993) , con®rming the transcriptional activity of the protein encoded by the adenoviral genome.
c-Rel overexpression successively induces anti-and pro-apoptotic effects
The eects of c-Rel overexpression on apoptosis were examined 24 and 48 h after infection by analysing nuclear morphologies after Hoechst staining. Twentyfour hours after infection, only few apoptotic cells were observed in c-Rel overexpressing cells as well as in control cells. In contrast, 48 h after infection, a majority of c-Rel overexpressing cells were apoptotic, whereas nearly all control cells were still viable ( Figure  2a ). Since we have previously shown that c-Rel is able to protect HeLa cells from apoptosis induced by cytokines of the TNF family (Bernard et al., 2001a,b) , we examined whether 24 h after infection, c-Rel-overexpressing cells were less sensitive than control cells to TNFa-induced apoptosis. Control and c-Rel-overexpressing cells were treated during 6 h by TNFa in the presence of cycloheximide (CHX). This treatment induced apoptosis in mainly all control cells, whereas c-Rel-expressing cells remained viable, well spread on the dish, with nuclei displaying a normal morphology (Figure 2b ). These results reveal that c-Rel is able to induce both a pro-and an anti-apoptotic eect in the same cells; the two eects occur successively, the anti-apoptotic eect ®rst, the proapoptotic one later.
Activation of caspases, cytochrome c release and phosphatidyl serine exposition in c-Rel-overexpressing cells
To further characterize the anti-and pro-apoptotic eects of c-Rel, we investigated some biochemical characteristics of apoptosis: caspase activation, cytochrome c release and loss of phosphatidyl serine asymmetric distribution. Caspase activation was assessed by the disappearance of the inactive proforms of caspases-3, -6, -8 and -9, and the appearance of the active caspase-9 form. All these caspases were activated upon TNFa+CHX treatment in n.i. or AdGFPinfected cells, whereas these activations were decreased or suppressed in AdRel-infected cells, 24 h postinfection ( Figure 3a ). In contrast, at 48 h post-infection all the caspases assayed were activated in AdRelinfected cells, in the absence of any stimulation, i.e. just upon c-Rel overexpression (Figure 3a) . At this time, the overexpression of c-Rel also induced the release of cytochrome c from mitochondria, and the exposition of phosphatidyl serine at the external membrane ( Figure  3b ). These results indicate (i) that c-Rel is strikingly both able to induce or repress the activation of caspases in a successive manner, and (ii) that the cell death induced by c-Rel overexpression presents all the classical hallmarks of apoptosis.
The anti-and pro-apoptotic effects of c-Rel are time and dose dependent
We next examined whether the shift between the antiand pro-apoptotic eects of c-Rel was dependent on the level or/and the duration of c-Rel overexpression.
To address this question, we infected HeLa cells with dierent titers of AdRel viral particles: 100 viral particles/cells, as in previous experiments (high levels) and 20 viral particles/cells (low levels). Resulting levels of c-Rel overexpression were studied by Western blot at various times after infection. c-Rel overexpression was delayed and lower in 20 AdRel-infected cells than in 100 AdRel-infected cells (Figure 4a ). Similarly, the expression level of the c-Rel target gene IkBa was delayed and lower in 20 AdRel-infected cells than in 100 AdRel-infected cells (Figure 4a ). The intensity of the anti-and pro-apoptotic eects and their time occurrence were compared between 20 and 100 AdRelinfected cells. Twenty-four hours after infection, low levels of c-Rel overexpression protected HeLa cells against TNFa+CHX-induced apoptosis, although less eciently than high levels (about 30% protection versus 70%) ( Figure 4b ). Forty-eight hours after infection, the protection eect of the low levels of cRel was still observed, but at the same time the proapoptotic eect was already observable since the apoptosis level increased from 7% in control cells to 30% in c-Rel-expressing cells. At high levels of c-Rel overexpression, there was a massive induction of apoptosis, that masked the putative anti-apoptotic eect. Seventy-two hours after infection, the majority of cells was apoptotic, whatever the expression level of c-Rel (65 and 85% of apoptosis in cells overexpressing c-Rel at low and high levels respectively, compared to 7% in control cells) ( Figure 4b ). Altogether, these results indicate that (i) both the anti-and proapoptotic eects of c-Rel occur more eciently with a high dose of c-Rel than with a low dose, (ii) the antiapoptotic eect of c-Rel always precedes the proapoptotic one, (iii) the higher the expression of c-Rel is, the faster the pro-apoptotic eect occurs, (iv) the antiand the pro-apoptotic eects can co-exist in the same MnSOD and TRAF1 are up-regulated in a dose-and time-dependent manner in c-Rel-expressing cells
Several anti-apoptotic genes such as TRAF1, TRAF2, Bcl-x L , Bcl-2, MnSOD, c-IAP2 have been previously identi®ed as Rel/NF-kB target genes in various experimental models (Pahl, 1999) . As judged by Western blot, only MnSOD and TRAF1 were induced after 24 h of c-Rel overexpression in HeLa cells ( Figure  5a ). These results suggest that both TRAF1 and MnSOD may participate in the anti-apoptotic eect of c-Rel. We then examined the dose and timedependence of TRAF1 and MnSOD expression, in order to determine if they can also participate in the occurrence of the pro-apoptotic eect of c-Rel. The expression patterns of both MnSOD and TRAF1 follow the expression pattern of c-Rel (Figure 5b) , and consequently the pattern of apoptosis occurrence. Therefore, the late occurrence of apoptosis cannot be explained by a drop in TRAF1 and MnSOD expression. On the contrary, the increasing expression levels of TRAF1 and MnSOD with time suggest they could participate in both the anti-and pro-apoptotic eects of c-Rel, in a dose dependent manner. However, there is no data in the literature to support a role for TRAF1 in the induction of apoptosis. In contrast, MnSOD was shown to have negative eects on cell growth (Li et al., 1998a (Li et al., ,b, 1999a Oberley et al., 1995) . We therefore investigated a possible involvement of MnSOD in both the early anti-apoptotic and late proapoptotic eects of c-Rel.
MnSOD is involved in both the anti-and pro-apoptotic effects of c-Rel
The function of MnSOD is to catalyze the dismutation of O 2 .7 in H 2 O 2 . Therefore, the ability of MnSOD to protect against TNFa-induced apoptosis could be due to the better elimination of the burst of O 2 .7 that was described to be produced upon TNFa treatment and involved in its apoptogenic eect (Hennet et al., 1993; Moreno-Manzano et al., 2000) . To support this hypothesis, we investigated whether TNFa indeed engages the apoptotic process in HeLa cells by producing O 2 .7 . Parental HeLa cells were pretreated or not by TIRON, an O 2 .7 scavenger (Moreno-Manzano et al., 2000) , and apoptosis was subsequently induced by TNFa+CHX during 6 h. The pretreatment by TIRON reduced the percentage of apoptotic cells from 60 to 20% ( Figure 6 ). As a , it should lead to the accumulation of the dismutation product H 2 O 2 , in the absence of a coordinated up-regulation of the two main H 2 O 2 - Figure 3 c-Rel induces the appearance of hallmarks of apoptosis, but also decreases their occurrence upon TNFa treatment. HeLa cells were infected with 100 viral particles/ml of AdRel, AdGFP, or non infected (n.i.). One set of cells was treated 24 h after infection with TNFa+CHX during 6 h, another set of cells was let to grow for additional 24 h. (a) Western blot analysis of caspase activation. Proteins extracted from adherent and¯oating cells were resolved by SDS ± PAGE and analysed with anti-caspases-3, -6, -8, -9 and anti-c-Rel antibodies. (b) Analysis of cytochrome c release and exposition of phosphatidyl serine 48 h after infection. Cytochrome c was revealed using an anti-cytochrome c antibody and a rhodamine-conjugated secondary antibody (upper panels). Phosphatidyl serines were revealed by incubating living cells with AnnexinV directly coupled to Alexa 568 that¯uoresces in red (lower panels). All cells were visualized by nuclear staining with Hoechst 33258 (Henderson and Chappell, 1993; Royall and Ischiropoulos, 1993) . As illustrated in Figure 7a , the overexpression of c-Rel for 24 h resulted in a signi®cant increase in DHR123¯uorescence, consistent with the hypothesis that H 2 O 2 accumulated in these cells. The involvement of this accumulated H 2 O 2 in c-Relinduced apoptosis was investigated by examining the ability of diverse H 2 O 2 -speci®c antioxidants to impair apoptosis occurrence. The addition of catalase or GSH in the culture medium of control or AdRel-infected cells reverts about 33 and 45% respectively of the occurrence of c-Rel-induced apoptosis (Figure 7b ). To further emphasize the potential involvement of H 2 O 2 in c-Rel-induced apoptosis, we examined whether apoptosis induced by H 2 O 2 shares the same characteristics than apoptosis induced by c-Rel. H 2 O 2 treatment induced the activation of all caspases assayed ( Figure  7c ), cytochrome c release from mitochondria ( Figure  7d ), and phosphatidyl serine exposition at the external plasma membrane (Figure 7e) . Therefore, H 2 O 2 induces a type of apoptosis that shares all the characteristics of c-Rel-induced apoptosis. Taken together, all these experiments suggest that c-Rel overexpression induced the up-regulation of MnSOD that, on one hand, protects cells against apoptogenic stimuli that act by producing O 2 .7 , but, on the other hand, progressively leads to an accumulation of H 2 O 2 resulting in apoptosis.
Discussion
The involvement of Rel/NF-kB transcription factors as regulators of apoptosis is well-documented. There is large evidence that these factors can exert either antior pro-apoptotic functions, with apparently a predominance of the anti-apoptotic eects. However in which situation (cell-type, context?) and by which mechanisms the activity of these factors can result in opposite eects on the occurrence of apoptosis are still unknown. In this report, we show that c-Rel induces successively in the same cells a protection against TNFa-induced apoptosis followed by an increase in the level of spontaneous apoptosis. The amplitude and the kinetic of both the anti-and pro-apoptotic eects of cRel are dose dependent. The anti-and the proapoptotic eects can even co-exist in the same cells, at least for a while.
The anti-apoptotic eect of c-Rel always occurs before the pro-apoptotic eect, suggesting it involves a rapid activation of some anti-apoptotic genes. The higher c-Rel is expressed, the higher the activation of these genes would be, and the stronger the protective eect is. The late occurrence of the pro-apoptotic eect suggests in contrast that it requires an accumulation of one or several products. The higher the expression of cRel is, the faster these products would accumulate, and the faster the pro-apoptotic eect occurs.
Most of the known Rel/NF-kB target genes involved in apoptosis share protective functions. They include a decoy receptor of the TNF family, several adapter molecules of the TNF signaling, IAP proteins, antiapoptotic members of the Bcl-2 family, MnSOD and A20 (Barkett and Gilmore, 1999; Bernard et al., 2001a,b) . Only a few genes have been proposed to participate in Rel/NF-kB pro-apoptotic eects: Fas and FasL (Chan et al., 1999; Kasibhatla et al., 1998 Kasibhatla et al., , 1999 and p53 (Dumont et al., 1999; Qin et al., 1999) . The expression of the Fas/FasL system is not ubiquitous and we were unable to detect any FasL expression in HeLa cells by RT ± PCR, even after a high number of cycles (data not shown). Therefore, the Fas/FasL system cannot account for the c-Rel proapoptotic eect observed in HeLa cells. In contrast, the overexpression of c-Rel in HeLa cells induced an accumulation of the p53 protein (data not shown). However, this accumulation is observed as soon as 24 h post-infection with low titer of AdRel, i.e. in a situation in which apoptosis is not induced. Moreover, the accumulated p53 does not seem to be transcriptionally active since no change in the expression of p21 and mdm2, two well-known p53 target genes, were detected in c-Rel-expressing cells (data not shown), whereas p21 and apoptosis induction were observed in Hela cells infected with a p53-encoding adenovirus (data not shown). We have also some preliminary results indicating that p53 is not accumulated in AdRel-infected keratinocytes, although these cells also undergo apoptosis upon c-Rel overexpression (data not shown). All these results suggest that the proapoptotic eect of c-Rel in HeLa cells does not rely on the induction of the already characterized pro-apoptotic Rel/NF-kB target genes p53, Fas and FasL.
Among the Rel/NF-kB anti-apoptotic target genes, we show that two of them, MnSOD and TRAF1 are ) production in TNFa-induced apoptosis. Parental HeLa cells were pre-treated or not during 1 h with TIRON or GSH and then apoptosis was induced by 6 h TNFa+CHX, still in the presence of TIRON or GSH. Apoptotic cells were characterised according to their nuclear morphology after Hoechst 33258 staining and manually counted in triplicate induced in a time-and dose-manner consistent with the time of occurrence and the strength of the antiapoptotic eect. We have also some preliminary results by RT ± PCR showing that A20 is induced at 24 h upon high c-Rel overexpression (data not shown). Therefore, the induction of MnSOD, TRAF1, and perhaps A20, would participate in the anti-apoptotic eect of c-Rel. However, TRAF1 was shown to exert its anti-apoptotic eect only in association with TRAF2 and cIAP1 and 2 (Wang et al., 1998) . In our system, neither TRAF2 nor cIAP2 are induced, hence minimizing the importance of TRAF1 in mediating the anti-apoptotic eect of c-Rel in HeLa cells.
Remarkably, the expression of TRAF1 and MnSOD does not fall down in correlation with the occurrence of the pro-apoptotic eect. On the contrary, their kinetic and level of expression are also compatible with an involvement in this proapoptotic eect. Recently, TRAF1 was shown to be a substrate of caspases activated during TNFa-induced apoptosis, and one of the cleavage product enhances this TNFa-induced apoptosis (Leo et al., 2001) . However, this cleavage product does not appear in c-Rel-overexpressing HeLa cells.
MnSOD, which is therefore left as the main candidate to mediate the anti-as well as the pro- apoptotic eects of c-Rel in HeLa cells, is a mitochondrial antioxidant enzyme whose function is to eliminate the toxic O 2 .7 constantly produced by the respiratory chain. We have previously demonstrated by using antisense oligonucleotides against MnSOD that it is involved in the protective eect of c-Rel against TNFa-induced apoptosis (Bernard et al., 2001a) concentration by adding catalase or GSH partly reverts the pro-apoptotic eect of c-Rel. We therefore propose that an accumulation of H 2 O 2 is responsible for the pro-apoptotic eect of c-Rel. This hypothesis is compatible with the fact that the pro-apoptotic eect is dose-dependent, that it occurs after the antiapoptotic eect, that it can co-exist with the antiapoptotic eect only for a while, and that it can mask this anti-apoptotic eect. Furthermore, cell death induced by H 2 O 2 treatment shares similar features to c-Rel-induced cell death. Hence, MnSOD could exert a dual function on apoptosis: an anti-apoptotic function by eliminating the toxic superoxide anion O 2 .7 which accumulates after treatment by pro-apoptotic agents such as TNFa or UV (Gorman et al., 1997; MorenoManzano et al., 2000) and a pro-apoptotic function by inducing H 2 O 2 accumulation and subsequently a toxic oxidative stress that can result in apoptosis. We have previously demonstrated that this oxidative stress can also result in a proliferation blockage that occurs simultaneously to the resistance against TNFa-induced apoptosis (Bernard et al., 2001a) . We therefore propose that the cell fate is linked to the level of H 2 O 2 produced: as long as this level is not too high, the cell would be protected against some apoptogenic stimuli because of the dismutating activity of MnSOD, but its proliferation would be blocked, and when H 2 O 2 has gone beyond a critical value, apoptosis would occur. This model is schematized in Figure 8 .
In conclusion, we describe here an experimental situation in which Rel/NF-kB transcription factors can exert in the same cells both an anti-apoptotic activity coupled to an anti-proliferative activity, and a proapoptotic activity, because they up-regulate an antioxidant enzyme that controls in a opposite manner the levels of two toxic reactive oxygen species, O 2 .7 and H 2 O 2 . In a physiological situation, the ultimate fate of the cell upon Rel/NF-kB activation would depend on a variety of parameters: the inducibility of the MnSOD gene, the levels of Rel/NF-kB and correlatively MnSOD activities, the duration of these activities, the nature of the apoptogenic stimulus acting or not via the production of O 2 .7 , the average level of O 2
.7 production which determines the average level of H 2 O 2 production, and the strength of the H 2 O 2 -degrading enzyme expression and activity.
Materials and methods
Cell culture and transfection
HeLa cells (93021013, European Collection of Cell Culture) were grown at 378C in an atmosphere of 5% CO 2 Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM glutamine, and 100 U/ml penicillin and 100 mg/ml streptomycin.
Construction and use of adenoviral vectors
The open reading frame of the c-rel cDNA was ampli®ed by PCR using the High Fidelity PCR Master kit (Roche) according to manufacturer's recommendation with the following primers: Rel Forward, 5'-AAGCTTACCATGGC-CTCCGGTGCGTATAAC-3' and Rel Reverse 5'-GATCTC-TAGATTATACTTGAAAAAATTCATATGGAAAGG-3'. Ecient generation of recombinant adenoviral vector (AdRel) was obtained by homologous recombination in Escherichia coli (Chartier et al., 1996) after insertion of the c-rel cDNA into the pAdCMV2 vector (details of construction are available upon request). Viral stocks were then created as described in (Nevins et al., 1997) . Viral titers were determined by performing a plaque assay on 293 cells, and de®ned as plaque-forming units/ml. AdGFP construction was previously described (Guerardel et al., 2001) . In all experiments, except those described in Figure  4 , cells were infected at an input of 100 viral particles/cells 
Immunofluorescence
Cells were ®xed with 4% paraformaldehyde in PBS and permeabilized with 0.2% Triton-X100. C-Rel and cytochrome c were detected using an anti-human c-Rel mouse IgG1 (Sc-6955, Santa Cruz Biotechnology) and an anti-human cytochrome c mouse IgG (Pharmingen), and, as secondary antibody, a Rhodamine Red-X-conjugated donkey antimouse IgG (Jackson ImmunoResearch Laboratories). Nuclei were stained with Hoechst 33258 (Sigma) at 1 mg/ml.
Detection of ROS accumulation
ROS levels in mitochondria were assessed using dihydrorhodamine 123 (DHR 123) (Molecular Probes) which passively diuses across membranes and is oxidized tō uorescent rhodamine 123 in the presence of ROS, specially H 2 O 2 . Cells were infected with adenoviral vectors, and 24 h later, incubated during 15 min with DHR123 at 15 mM, rinsed in PBS, and directly observed and photographed under an inverted microscope equipped with Rhodamine ®lters.
Apoptosis assays
Apoptosis was induced with 10 ng/ml human rTNFa (R and D systems) and 10 mg/ml CHX (Sigma) during 6 h, or by 100 mM H 2 O 2 overnight. Spontaneous apoptosis or TNFainduced apoptosis were detected by four dierent techniques. First, apoptotic cells were identi®ed according to their condensed and fragmented nuclei as observable under an epi¯uorescent microscope after staining by Hoechst 33258 at 1 mg/ml for 5 min. The number of apoptotic cells was manually counted, in triplicate. Second, caspases activation was determined by Western blot, by examining the disappearance of the pro-forms of several caspases and the appearance of the cleaved form of caspase-9. Antibodies used were anti-caspase-3 (06-735, Upstate Biotechnology), anti-caspase-6 (06-691, Upstate Biotechnology), anti-caspase-8 (06-775, Upstate Biotechnology) and anti-caspase-9 (68086E, Pharmingen). Third, apoptotic cells were detected by Annexin V-Alexa 568 (Roche) used according to manufacturer's recommendation. Fourth, apoptosis was detected by examining cytochrome c release by immunouorescence, as described above.
Pharmacological manipulations
To assess the role of O 2 .7 in TNFa-induced apoptosis, 5 mM GSH (Sigma) or 5 mM TIRON (Sigma) were added to the culture medium of parental HeLa cells, and 1 h later apoptosis was induced by adding TNFa+CHX to the antioxydant-containing medium.
To assess the role of H 2 O 2 in c-Rel-induced apoptosis, catalase (500 U/ml, Sigma) or GSH (5 mM, Sigma) were added to n.i., AdGFP-or AdRel-infected cells at the time of infection. The medium was replaced by fresh antioxydantcontaining medium 24 h later. Apoptotic cells were counted 48 h after infection.
